By the systemic administration of dieth yldithiocarbamate and iron into the rat, nitric oxide rad icals produced in the brain during ischemia-hypoxia were trapped, The right hemisphere of the brain was then re moved and frozen with liquid nitrogen. With use of re cently developed electron paramagnetic resonance imag ing instrumentation and techniques. three-dimensional imaging of the production of the nitric oxide radicals in several brains was performed. The results suggest that nitric oxide radicals were produced and , trapped in the Numerous articles have been published concern ing the role of nitric oxide (NO) in the eNS lrepre sentative references were quoted in our previous report (Tominaga et aI., 1994)]. It has been empha sized that NO causes eNS injury through various mechanisms, for example. through the formation of peroxynitrite with superoxide anion (Beckman, 1991; Lipton and Rosenberg, 1994) or through di rect actions such as DNA fragmentation and N-methyl-D-aspartate receptor activation (Dawson et aI.,
areas that are known to have high nitric oxide synthase activity. such as cortex, hippocampus, hypothalamus, amygdala. and substantia nigra. In this ischemia-hypoxia model, which did not interrupt the posterior circulation, the production and trapping of nitric oxide in the cerebel lum were � 30% of those in the cerebrum. Key Words: Diethyldithiocarbamate-Electron paramagnetic reso nance imaging-Ischemia-hypoxia-Nitric oxide-Spin trapping-Three-dimensional imaging.
Rosenberg. 1994). This was further confirmed by evidence that transgenic mice deficient in neuronal NO synthase (NOS) exhibited decreased infarct volume in focal cerebral ischemia (Huang et aI., 1994) . In our previous electron paramagnetic reso nance (EPR) spin-trapping study, we proposed that NO might also play a protective role in the eNS.
This was based upon our finding that the production of NO increased after a few minutes of mild hy potension (60 mm Hg) (Sato et aI., 1993; Tominaga et aI., 1993 Tominaga et aI., , 1994 . This suggests that, in the early phase of ischemia, NO could increase cerebral blood flow, thereby providing protection to the ischemic brain. After a longer ischemia duration, such as 60 min, the NO production was sustained at a higher level than after a shorter ischemia. This suggests that NO production may also be related to cell injury (Sato et aI., 1994) . We believe that NO has at least two roles in cerebral ischemia, namely, protection of the ischemic brain by increasing cere bral blood flow by vasodilation (Sato et al., 1993; Tominaga et aI., 1993 Tominaga et aI., , 1994 and injuring neuronal cells through various mechanisms (Beckman, 1991; Lipton and Rosenberg, 1994; Dawson et aI., 1993; Dawson and Dawson, 1994; Sato et aI., 1994) .
Therefore, depending upon the nature of the isch emia model and the severity of insult, NO may sometimes act as a protective agent, but at other times as a mediator of injury. Therefore, the final outcome of the effect of NO could be protection or injury.
For the study of the role of NO radicals in the brain, it is important to know in what anatomical location within the brain the radicals are produced.
So far, this has been done by histochemical meth ods of detecting the distribution of NOS. However, the distribution of NOS may not necessarily repre sent the site of NO production during ischemia, be cause the production is also dependent upon changes in the blood flow as well as substrates and cofactors.
We have previously reported the feasibility of two-dimensional EPR imaging of NO production in the ischemic brain (Kuppusamy et aI., 1994h) . In this communication, we report the development and application of three-dimensional EPR imaging techniques that enable visualization of the sites of NO production in the ischemic brain.
MATERIALS AND METHODS
Animal experiments were done at the Philadelphia Bio medical Research Institute. Female Sprague-Dawley rats (weighing 275-300 g) were purchased from Ace Animals (Boyertown, PA, U.S.A.). Blood pressure was monitored from the femoral artery using a blood pressure analyzer (Digi-Med toOA; Micro-Med, Louisville, KY, U.S.A.).
Saline solutions of diethyldithiocarbamate (DETC; 500 mg/kg) and FeS04 (120 mg/kg)/sodium citrate (600 mg/kg) were used as NO-trapping agents (Kubrina et aI., 1992) .
Since they form precipitates upon mixing. the Fe/citrate solution was injected intraperitoneally first. Sixty min utes later, the DETC solution was again injected intraper itoneally. To eliminate any possible discomfort, 2% iso flurane anesthesia (with air as a carrier) was applied at the time of each injection. Twenty minutes after DETC in jection, the rat was again anesthetized with 1% isoflurane (with air) using a tightly fitted facial mask. and both com mon carotid arteries were occluded. At this point, the mean arterial blood pressure of all animals was> 100 mm Hg. Then, we started to slowly decrease the oxygen con centration of anesthetic gas by mixing nitrogen into the carrier. The exact oxygen concentration of anesthetic gas going into the facial mask was monitored using a Clarke oxygen electrode. The decrease rate of the oxygen con centration was set to I%/min. When the mean arterial blood pressure reached 10 mm Hg, the right hemisphere of the brain was removed, frozen immediately with liquid nitrogen, and stored at liquid nitrogen temperature until imaging.
EPR imaging studies were performed at the Johns Hop kins Bayview Medical Center. The brain sample was placed in a special EPR "finger" Dewar containing liquid J Cereb Blood Flow Metab, Vol. 15. No.6. /995 nitrogen. Three-dimensional EPR imaging was performed using an L-band bridge and with the instrumentation and techniques previously described (Kuppusamy et aI., 1994a (Kuppusamy et aI., , 1995 . Projection data (spectral data in the pres ence of field gradients) were collected for different orien tations of the field gradient and processed to remove the intrinsic or hyperfine broadening (deconvolution) and the image computed (back-projection) using an appropriate reconstruction technique (Kuppusamy et aI., 1994a (Kuppusamy et aI., , 1995 . A total of 144 projections were acquired using the following acquisition parameters: spectral window, 18 mT; spatial window. 30 mm; gradient, 600 mT/m; modu lation amplitude, 0.4 mT; modulation frequency, 100 kHz; power. 20 mW; time constant, 80 ms; sweep time, 30.2 s; and total acquisition time. 75 min. All the spec trometer settings were kept constant throughout the ex periment. The projections were individually corrected for baseline drift and then deconvoluted using Fourier decon volution method. A two-stage convoluted back-projection reconstruction algorithm was used to obtain the three dimensional image (Kuppusamy et al.. 1994a (Kuppusamy et al.. , 1995 .
RESULTS
An EPR spectrum of the right hemisphere mea sured in the homogeneous magnetic field is shown in Fig. I, which The NO production at each coronal section, ob tained from the three-dimensional spatial EPR im- Histological and microdissection studies sug gested that NOS activity was high in the piriform cortex, hippocampus, hypothalamus, amygdala, substantia nigra, septal nuclei, periaqueductal gray, and globus pallidus, whereas the activity at the pa rietal cortex and caudoputamen was low (Bredt et aI., 1990; Forsterman et aI., 1990; Schmidt et aI., 1992; Maayani et aI., 1994) . Although the resolution in these images as shown in Fig. 3 was not sufficient to resolve each exact anatomical location, our re sults suggest that the NO production was generally high in the areas where NOS activity is high, except
for the cerebellum.
With repeated imaging experiments on the same brain, identical images were obtained. In a series of four experiments in which brain NO imaging was performed, similar distributions of NO to those shown in Fig. 3 were seen. In all of these experi ments, the highest NO concentrations were seen in the hippocampus, cortex, hypothalamus, and amygdala. The concentration of NO was lower in the cerebellum in all of these brains. In normal or sham brains, however, no detectable EPR signals were present, and therefore EPR images could not be obtained.
DISCUSSION
When we inject DETC and Fe into the rat, expose it to ischemia, and take X-band (9.2 GHz) EPR spectrum of the frozen brain tissue, we observe Cu DETC and NO-Fe-DETC signals (Sato et aI., 1993 (Sato et aI., , 1994 Tominaga et aI., 1993 Tominaga et aI., , 1994 . However, when L-band EPR (1.2 GHz) is used and when the brain is exposed to severe ischemia-hypoxia, the Cu DETC signals are not seen as shown in Fig. 1 .
There may be two reasons: First, g� and gil of the Cu-DETC signal converge almost 10 times nar rower in L-band than in X-band, so that they move away from the NO-Fe-DETC signal. Second, when the tissue produces a large amount of NO, then the Cu signal decreases concomitantly (see data in Tominaga et aI., 1993 Tominaga et aI., , 1994 .
The theoretical resolution limit of the present methodology can be estimated from the ratio of the signal Iinewidth to the field gradient (Hoch and Ewert, 1991; Kuppusamy et aI., 1995) . With the sig nal linewidth <0.5 mT (after deconvolution) and with field gradient 600 mT/m, the resolution is esti mated to be �0.8 mm. We first employed a tran sient global ischemia model (Tominaga et aI., 1994) and tried EPR imaging. However, the level of NO activity (Bredt et aI., 1990; Forsterman et aI., 1990; Schmidt et aI., 1992; Maayani et aI., 1994) . Our ob servation indicated that a relatively large amount of NO was produced in the hippocampus during isch emia. NO may play two possible roles regarding the cause and effect seen in injury of the hippocampus area: NO may protect these vulnerable areas by providing more blood flow; but the accumulation of NO during severe ischemic insult may damage neu ronal cells leading to the observed vulnerability.
In summary, this EPR imaging technique could provide unique and valuable information regarding the role and location of NO production in the isch emic-hypoxic brain. The results provide clear evi dence that NO is produced in several subcortical structures. Our goals for the future studies are to improve temporal and spatial resolution as well as to obtain quantitative and comparative assessment of NO levels from other ischemia models.
